background: Research into cell-free fetal (cff) nucleic acids has primarily focused on maternal plasma; however, cff DNA and RNA are also detectable in other body fluids such as amniotic fluid (AF). In AF, cff DNA is present in much greater concentrations than in maternal plasma and represents a pure fetal sample uncontaminated by maternal-and trophoblast-derived nucleic acids. The aim of this review was to summarize the current knowledge on cff nucleic acids in AF and to outline future research directions.
Introduction
Cell-free fetal (cff) nucleic acids in maternal body fluids are a uniquely dispersed form of fetal genetic material that have become the subject of intense interest in the field of non-invasive prenatal diagnosis. Less than 15 years since their presence in maternal blood was reported (Lo et al., 1997) , cff nucleic acids in maternal plasma are now established molecular diagnostic specimens and are routinely used in clinical care for the non-invasive prenatal diagnosis of fetal gender and rhesus D status (Wright and Burton, 2009 ). Utilizing cff nucleic acids for the non-invasive prenatal diagnosis of trisomy 21 is a more difficult goal due to the formidable technical challenges, but recent advances, such as next generation DNA sequencing, have brought this prospect closer to realization in a universally applicable format (Yang et al., 2003; Lo, 2009; Lo and Chiu, 2009) .
Amidst the remarkable progress of cff nucleic acids in maternal plasma, other maternal body fluids such as amniotic fluid (AF; Bianchi et al., 2001) , cerebrospinal fluid (Angert et al., 2004) and urine (Koide et al., 2005) have been overlooked. AF specimens represent an opportunity to move the application of cff nucleic acids beyond the prenatal diagnosis of chromosome disorders into broader studies of human development.
What is amniotic fluid?
AF is a complex, dynamic solution that performs multiple functions for the developing fetus at different gestational ages. In the first trimester of pregnancy, AF is primarily formed from maternal plasma that passes through fetal membranes. This free diffusion occurs bi-directionally between the AF and the fetal skin, placenta and umbilical cord. As fetal skin and other organs mature, the composition of AF alters. In the second trimester, AF still has similar levels of primary electrolytes as fetal and maternal blood, but the levels of organic substances are markedly different (Tong et al., 2009) . AF provides physical protection of the fetus from mechanical and thermal insults, but also has immune functions, contains growth factors and cytokines and acts as a nutritional source (Underwood et al., 2005) . Amniocytes are routinely used to study fetal chromosomes. Cells arising from all three germ layers of the embryo are present in AF, ranging from unspecified progenitors to mature differentiated cells, including those of the renal, heart, lung, liver and hematopoetic cell lineages. Moreover, 1% of AF cells have pluripotent properties, making them of particular significance as a novel source of stem cells (Da Sacco et al., 2010) .
The amniotic fluid proteome
Research groups that have applied 'high-dimensional biology' techniques to AF have primarily relied on proteomic rather than nucleic acid-based approaches (Romero et al., 2006; Tsangaris et al., 2006; Cho et al., 2007; Alam, 2009; Deng et al., 2010; Lee et al., 2010; Romero et al., 2010) . Cho et al identified 842 non-redundant proteins in the human AF proteome, including most of the currently known maternal serum biomarkers of pregnancy complications. These authors also analysed the tissue expression profile of AF proteins and found that the top 10 represented organs were kidney, placenta, lung, liver, heart, plasma, brain, testis, pancreas and skeletal muscle in descending order (Cho et al., 2007) . However, these results are not consistent with the tissue profiles produced from other proteomic studies (Tsangaris et al., 2006) , making conclusions about the relative contributions of fetal organs to the AF proteome difficult. Putative protein markers for premature rupture of membranes, intra-amniotic infection and aneuploidy have also been reported, but these have not yet translated into clinical use Anagnostopoulos et al., 2009; Kolialexi et al., 2009 ).
Nucleic acids in serum and plasma
The major source of cff DNA and mRNA in maternal plasma is the syncytiotrophoblast, which continuously releases cff nucleic acids via apoptosis (Orozco et al., 2006; Tjoa et al., 2006) . cff DNA and RNA are detectable in the maternal circulation from the first trimester onwards (Poon et al., 2000; Guibert et al., 2003) and are cleared from the maternal circulation rapidly after delivery, with median half-lives of around 15 min in healthy pregnant women (Lo et al., 1999b; Chiu et al., 2006) .
A major technical hurdle in the isolation of cff nucleic acids from plasma is the fact that they only constitute a small proportion of total cell-free nucleic acids, the majority of which is derived from maternal leukocytes. cff DNA in plasma was initially thought to comprise 3-6% of the total circulating cell-free DNA using a real-time PCR assay (Lo et al., 1998) , although more recent studies using a second-generation DNA sequencing suggest that the concentration may be as high as 19% (Fan et al., 2008) .
Cff nucleic acids in the maternal circulation are stable; this is surprising given the rapid decay that may be expected due to plasma nucleases. The relative stability of cff DNA and RNA is attributed to their association with placenta-derived microparticles that protect them from nuclease degradation (Hasselmann et al., 2001; Gupta et al., 2004; Orozco et al., 2008) . Microparticles are a heterogeneous population of small membrane-covered fragments released from cells via several different mechanisms, including apoptosis (programmed cell death) and necrosis (cell death due to primary energy failure). Smaller types of microvesicles that are actively secreted by cells, such as exosomes, are attracting research interest as novel forms of cellular communication (Simpson et al., 2009) . They have particular relevance for cell-free nucleic acid biology, as they contain functional forms of RNA that participate in cell-to-cell signalling Valadi et al., 2007; Luo et al., 2009 ).
Nucleic acids in amniotic fluid
AF has been relatively understudied due to the risks associated with sample collection and the international research focus on developing non-invasive methods of prenatal diagnosis. However, AF has properties that make it worthy of study for broader applications beyond prenatal diagnosis of aneuploidy. AF contains cff DNA in much greater concentrations than in maternal plasma (Bianchi et al., 2001) . Importantly, it represents a relatively pure fetal sample that is largely uncontaminated by maternal-and trophoblast-derived nucleic acids.
To date, most studies of fetal gene expression in AF have used cultured amniocytes. As gene expression is context-dependent and regulated by many factors, including tissue of origin, environmental signals, developmental stage, gender and disease states, these studies do not reflect real-time fetal physiology (Chung et al., 2005; Altug-Teber et al., 2007; Chou et al., 2008) . Successful isolation of cff mRNA from AF and its resultant genomic analysis have resulted in the discovery of new information regarding human development in live ongoing pregnancies (Larrabee et al., 2005a; Slonim et al., 2009 ). Potentially, this will take prenatal diagnosis in new directions and provide fetal medicine specialists with alternative tools to ultrasound examination and maternal serum markers.
The aim of this review was to summarize the current knowledge on cff nucleic acids in AF and to outline possible future research directions.
Methods
Articles were selected for review if they met the following criteria: Englishlanguage, original research report on cell-free nucleic acids in AF (human or animal). A search in MEDLINE and PREMEDLINE for articles up to August 2010 was performed using the exploded MeSH search terms: 'RNA, DNA, nucleic acids, gene expression, OR gene expression profiling' combined with MeSH term 'amniotic fluid' OR 'amniocentesis' AND text word 'cell-free'.
A total of 23 articles were retrieved. One non-English-language study was excluded (Lazar et al., 2007) . The titles and abstracts of the remaining 22 articles were reviewed: three review articles that primarily focused on blood (Wataganara and Bianchi, 2004; Bianchi et al., 2006; were excluded. A further three studies were excluded, as they did not study cell-free nucleic acids from AF specimens (Crouch et al., 1991; Samura et al., 2003; Miura et al., 2006a) . Reference lists from these articles were scanned for any further original research studies, but no further relevant studies were identified (Supplementary data, Fig. S1 ).
Results
A total of 16 original research studies analysing cff nucleic acids in AF were included in this review. Thirteen studies were on cff DNA and three studies were on cff RNA in AF. All studies were performed on human samples.
cff DNA in amniotic fluid
Presence of cff DNA in AF and extraction methods Bianchi et al. (2001) first documented that there was 100-200-fold more fetal DNA per millilitre of AF compared with maternal plasma. In this study, 38 frozen AF specimens, collected for routine indications at 16 -20 weeks gestation, were thawed and centrifuged to remove remaining cells. Extraction was performed with the QIAamp Blood Kit (Qiagen) using the 'Blood and Body Fluid' protocol described by the manufacturer. A real-time quantitative PCR analysis was performed for the b-globin gene and for the FCY (DYS1) locus as a basis for detecting male DNA. The investigators were blinded to the karyotype results from the specimens, and in all 38 cases, they were able to correctly predict the fetal sex.
Two further publications refining cff DNA extraction methods were identified, demonstrating improved yields of high-quality cff DNAs from AF supernatant . With modifications to the original plasma-based protocol, the yield of sequences that amplified glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a housekeeping gene, from 10 ml of AF, increased from 246 to 17 000 GE/ml. Other advantages of the optimized protocol included a reduction in processing time and fewer overall steps to reduce potential contamination. These protocol refinements represented a major step in consistently producing sufficient AF cff DNA for subsequent analysis by comparative genomic hybridization (CGH) microarrays.
The biophysical properties of AF cff DNA
The first data on the biophysical properties of AF cff DNA were published by Lapaire et al. (2007a) . DNA was extracted from AF supernatant samples from 39 euploid and 4 aneuploid fetuses. Quantitative real-time PCR amplification of the GAPDH locus, gel electrophoresis and analysis of the DNA fragmentation signature showed significant differences in the concentration of AF cff DNA as a function of gestational age, karyotype and sample storage time. There was a positive correlation between AF cff DNA concentration with gestational age in fresh samples from euploid fetuses, but not in the frozen samples. They also found that the median amount of cff DNA in frozen euploid samples was also significantly lower than that in fresh samples. Storage also reduced the proportion of large DNA fragments in AF, suggesting that freezing at 2808C alone contributed to DNA fragmentation.
There were also observed differences in cff DNA fragment sizes and distributions according to karyotype. The fragmentation signature, which was determined on standard agarose gels, represented differences in the proportion of different sizes of cff DNA fragments. The specific patterns associated with euploid, trisomy 21 and trisomy 13 fetuses, suggested specific kinetic mechanisms unique to each karyotype.
These findings were followed up in a subsequent investigation of AF cff DNA fragmentation patterns in a larger study of samples matched for storage time from women carrying 36 euploid and 29 aneuploid fetuses (Peter et al., 2008) . This method allowed for the unique classification of euploid and aneuploid cff DNA samples in AF by their DNA fragmentation signature. In addition, this study showed that archived euploid AF samples gradually lose long cff DNA fragments and that this loss accurately distinguishes them from the fresh samples. These data suggest that archived AF samples consist of large amounts of short cff DNA fragments, which may pass undetected with standard real-time PCR amplification.
In addition to these two studies on the DNA fragment size and distribution, a single study has been published examining the binding of cff DNA in AF to the high-mobility group protein HMGA2 (Winter et al., 2008) . HMGA2 is primarily expressed by embryonic and fetal cells and binds to the minor groove of DNA with little sequence specificity. Using chromatin immunoprecipitation, these authors found that the cff DNA in AF was attached to HMGA2. They concluded that cells in AF strongly overexpress HMGA2 according to their fetal origin. The fact that HMGA2 remains attached to cff DNA in AF has potential significance as a method to improve sample yields of cff DNA via immunoprecipitation techniques.
Lack of correlation between AF and serum/plasma cff DNA
A third study on the relative amounts of cff DNA in the fetal and maternal compartments added further information on cff DNA from the celomic cavity (Makrydimas et al., 2008) . Lee et al. (2002) examined the quantitative relationship between frozen archived AF and serum cff DNA in Down syndrome pregnancies. They confirmed a higher level of maternal serum cff DNA in Down syndrome pregnancies compared with matched normal controls, but found no such association in AF. This finding suggested that the observed difference in maternal serum cff DNA in trisomy 21 is not a consequence of elevated levels in the amniotic cavity. Zhong et al. (2006) also examined the relationship between the amount of cff DNA in AF and maternal plasma in 12 euploid pregnancies. They used real-time PCR amplification assays for SRY and RHD to quantify the amount of cff DNA present in maternal plasma and matched AF samples. They confirmed earlier reports that AF contained much larger quantities of cff DNA (median concentration ¼ 3978 copies/ml) than maternal plasma (median concentration ¼ 96.6 copies/ml). However, there was no statistically significant correlation between the amount of cff DNA in AF and maternal plasma.
A third study on the relative amounts of cff DNA in the fetal and maternal compartments added further information on cff DNA from the celomic cavity (Makrydimas et al., 2008) . Makrydimas' study on cff DNA in celomic fluid in first-trimester pregnancies undergoing elective termination at 7-9 weeks gestation demonstrated a concentration gradient of cff DNA from the AF (highest), to celomic fluid (lower), to maternal serum (lowest). The authors argued that the size of fetal cff DNA in maternal circulation of 100 -300 bp (Chan et al., 2004) made it very unlikely that it could transfer directly through the amniotic membrane to the maternal circulation.
In summary, the results of these three studies show that there is no direct correlation between the amount of cff DNA in AF and maternal plasma, suggesting that AF cff DNA represents a physiologically separate pool from cff DNA in maternal plasma.
Sources of AF cff DNA
In further developing the concept of the AF pool as being relatively sequestered from the maternal cff DNA pool, Lun et al. (2007) used an epigenetic approach to specifically examine the distribution of placenta-specific cff DNA. They used the tissue-specific epigenetic marker associated with the promoter region of the RAS association family 1A (RASSF1A) gene to determine the relative proportion of placental DNA in AF and plasma. RASSF1A is known to be hypermethylated in the placenta, but hypomethylated in fetal tissues and maternal blood cells (Chan et al., 2006; Chiu et al., 2007) . AF and maternal plasma cff DNA samples from 14 second-trimester pregnant women showed that placenta-specific hypermethylated RASSF1A DNA sequences were present in AF, but at a much lower proportion of total RASSF1A DNA compared with maternal plasma. In fact, the proportion of hypermethylated RASSF1A was 30-fold lower in the cff portion of AF than maternal plasma, supporting the concept that the placenta is not a major source of AF cff DNA (Fig. 1) .
Potential clinical applications of AF cff DNA
In tandem with studies investigating the biophysical properties and relationship with plasma cff DNA, several studies explored the clinical applications of AF cff DNA as a method of producing a rapid 'molecular karyotype'. Larrabee et al. (2004) performed the first study to utilize DNA from the cell-free fraction of AF for prenatal molecular cytogenetic diagnosis. This feasibility study successfully used cff DNA for CGH microarray analysis with the GenoSensor Array 300. They correctly identified fetal gender and whole chromosome gains or losses, including trisomy 21 and monosomy X, according to the strength of the hybridization signals from chromosome-specific markers. This prenatal 'molecular karyotype' using cff DNA has the potential benefit of providing rapid and higher resolution localization of abnormalities in the fetal genome compared with standard metaphase karyotype from cultured amniocytes. However, significant technical challenges were encountered in this preliminary study. Only 17 of 28 AF supernatant samples yielded adequate amounts of high-quality cff DNA (.100 ng DNA) for subsequent analysis.
Another research group investigated the rapid 'molecular karyotype' concept with AF cff DNA using a targeted microarray-based CGH panel on which bacterial artificial chromosome clones from human chromosomes 13, 18, 21, X and Y were spotted (Miura et al., 2006b) . Array CGH analysis was performed for 13 fetuses with congenital anomalies using cff DNA from their uncultured AF, resulting in successful molecular karyotyping for 12 of 13 fetuses within 5 days. Those fetuses with whole chromosome losses or gains were correctly identified, whereas a false-negative result was obtained for a fetus with a balanced translocation, 45, XY, der(14;21)(q10;q10).
The previously discussed technical advances that increased both the yield and the quality of extracted cff DNA Figure 1 Trafficking of cff nucleic acids within fetal and maternal compartments. AF, amniotic fluid; NA, nucleic acids. enabled further investigations of array CGH applications for detecting aneuploidy using smaller volumes of both fresh and frozen AF cff DNA. Lapaire et al. (2007b) extracted cff DNA from 10 ml of residual AF supernatant from 10 samples, including one with a normal karyotype and nine with various aneuploidies. Their results showed that array CGH using AF cff DNA from aneuploid fetuses, when compared with euploid reference AF cff DNA, could detect whole chromosome aneuploidy in eight of nine cases tested, including a case of trisomy 9 mosaicism. Only one case of triploidy was not detected.
Cff mRNA in amniotic fluid
We identified three studies that investigated cff RNA in AF. Larrabee et al. (2005b) performed a filtration study of centrifuged and uncentrifuged AF to determine if AF mRNA was present in a particle-associated form. The authors extracted RNA from uncentrifuged AF and centrifuged AF supernatant and passed it through filters with varying pore sizes of 0.22, 0.45 and 5 mm using the QIAamp Viral RNA Mini Kit (Qiagen). Real-time quantitative reverse transcription PCR amplification was performed to measure GAPDH mRNA concentration in AF. They showed a decrease in GAPDH mRNA concentration in AF samples with cell removal and filtration with decreasing pore size. The greatest decrease in GAPDH mRNA occurred after filtration through a 0.22 mm filter, whereas filtration did not significantly reduce the amount of cff b-globin DNA sequence present. The authors reasoned that the similarity with the data from cff nucleic acids in plasma suggests that there is a universal mechanism of cell-free nucleic acid processing. However, this has not been explored further.
Clinical applications of AF mRNA
Global gene expression analysis of AF was first reported in 2005 when Larrabee et al. (2005a) showed that it was feasible to isolate cff RNA from AF and hybridize it to oligonucleotide microarrays. The four cases were women between 20 and 32 weeks gestation undergoing therapeutic amnioreduction for polyhydramnios associated with twin-to-twin transfusion syndrome (TTTS) or 'hydrops fetalis'. The RNA was extracted from large volumes of AF (range 57-180 ml), and after amplification, it was labelled and analysed using Affymetrix U133A arrays.
This study demonstrated that gene expression patterns vary among fetuses according to gender, gestational age and disease state. Of the 22 283 probe sets present on the microarray, a median of 20% had significant differences in their levels of expression between the cases and the pooled second-trimester control sample. Of interest was the statistically significant different gene expression observed in the aquaporin genes, a family of water transporters. Fetuses with TTTS had a significantly higher expression of aquaporin-1, suggesting that this gene may play a role in the polyhydramnios associated with this syndrome.
Expression differences according to gestational age in gene families associated with normal fetal development were also examined in this paper. The timing of surfactant gene expression was consistent with known patterns of fetal lung maturation, specifically the appearance of transcripts for surfactant proteins B and C at 17 weeks, their increased expression after 24 weeks, and the appearance of the thirdtrimester surfactant protein A only after 29 weeks. Numerous keratin gene transcripts were consistently isolated from the 17 week controls, which is not surprising given the large surface area of fetal skin in contact with AF. However, there was an observed decrease in keratin gene transcripts with gestational age, which the authors hypothesized might be due to the developing 'stratum corneum' acting as a barrier over the keratin-producing cells in the older fetuses, thereby limiting mRNA release into the AF. Transcripts for salivary and tracheobronchial/gastric mucins also appeared to increase with gestation, in keeping with known epithelial maturation processes.
In addition to these positive findings related to fetal development, there was no evidence that AF mRNA hybridized to placenta-specific gene sequences present on the U133A arrays. This suggests that placenta-derived RNA is absent in AF, despite being detectable in maternal plasma, supporting the concept that AF contains primarily nucleic acids derived from the fetus proper and thus represents a different population of cell-free nucleic acids from that in maternal blood.
More recently, a functional genomic approach has been utilized to study the development of fetuses affected by Down syndrome (Slonim et al., 2009 ). Slonim et al. characterized gene expression differences in fetuses with either trisomy 21 or normal chromosomes between 16 and 21 weeks gestation. After bioinformatics analysis, genes that differed between the trisomy 21 and euploid samples were identified. After controlling for gestational age and sex, there were 414 probe sets with statistically significant different individual expression levels. Of note, only 5 of these 414 probe sets were physically located on chromosome 21, which casts doubt on the traditional 'gene dosage' hypothesis for the pathogenesis of trisomy 21. The five genes on chromosome 21 that were statistically significantly differentially expressed in the Down syndrome fetuses were CLIC6 (a chloride intracellular channel), ITGB2 (integrin, b2), RUNX1 (a transcription factor associated with hematopoiesis) and two open reading frames, C21orf67 and C21orf86.
Further bioinformatics examination using a technique known as gene set enrichment analysis identified only a single chromosomal band, 21q22 (the Down syndrome critical region), with genes that were significantly up-regulated as a group. Synthesizing this gene expression data by using pathway analysis, the functional processes specifically disrupted in Down syndrome fetuses were identified as oxidative stress, ion transport and immune and stress response.
At present, it is unknown whether the cff RNA in AF plays a functional role in the AF. It is more likely that the genes detected originate from tissues in direct contract with AF, and therefore, reflect functional development of those tissues.
Discussion
This literature review identified 16 original studies investigating cff nucleic acids in AF (Table I) . This small number is in stark contrast to the numerous primary studies examining cff nucleic acids in maternal plasma, which have been the subject of several recent reviews Lo, 2009; Wright and Burton, 2009) .
The reasons for this disparity are several. The most obvious is the risk of pregnancy loss associated with amniocentesis, which makes the collection of AF for only research indications unfeasible from an ethical viewpoint. Studies are therefore limited to using excess (discarded) fluid remaining from clinically indicated samples. This greatly reduces the numbers and gestational age range of the available samples for study.
The second major reason is that researchers have been justifiably focused on the non-invasive clinical applications of cff DNA for the diagnosis of fetal gender, rhesus genotyping and some single-gene disorders. These have transitioned into clinical care, resulting in reduced invasive testing rates of up to 45% in some populations (Chitty et al., 2007) . Eliminating the need for chorionic villus sampling or amniocentesis to accurately diagnose fetal aneuploidy-still the most common indication for an invasive procedure-would revolutionize the prenatal diagnostic sector. There is no doubt that pregnant women would embrace such an advance.
A third reason for the lack of attention paid to the cff nucleic acids in AF is the perceived lack of clinical utility of examining the cell-free portion of the sample when an invasive procedure is indicated. In the majority of cases, all of the clinically relevant diagnostic information can be obtained from the cellular portion of the AF using conventional techniques on cultured amniocytes. Occasionally, other analytes may be measured in the AF, but essentially the supernatant is usually discarded.
There are several conclusions that can be drawn from the results of the studies identified in this literature review. The first is that it is feasible to isolate AF cff nucleic acids from small volumes of AF in sufficient quality for further downstream applications such as microarray analysis. cff DNA in AF is present in a much higher concentration than in maternal plasma and is able to be extracted using commercial kits from fresh or stored clinical specimens (Bianchi et al., 2001; Lapaire et al., 2008) . Successive technical refinements over the past decade have also made it possible to extract RNA of sufficient quality and quantity to perform functional genomic analysis (Larrabee et al., 2005a; Slonim et al., 2009) .
Second, there is an overall paucity of information relating to the biology of cff nucleic acids in AF. Information regarding differences in fragmentation patterns according to karyotype, gestational age and sample storage time from two studies support the concept that fetal conditions have an impact on the size of cff DNA fragments in the AF, but other than this very little has been published regarding their tissue sources or kinetics (Lapaire et al., 2007a; Peter et al., 2008) . What can be concluded from the studies in this review is that the fetus itself is the predominant source of the nucleic acids in the AF, with very little direct mRNA contribution from the placenta, as demonstrated by the microarray (Larrabee et al., 2005a) , and epigenetic studies (Lun et al., 2007) . Other studies confirm that the pool of cff nucleic acids in the AF is independent from the pool of placentaderived plasma cff DNA and RNA (Ng et al., 2003; transcripts present in umbilical cord blood in the maternal circulation , several studies have established that this trafficking is unidirectional from fetus to mother, making the prospect of contaminating maternal nucleic acids in the amniotic cavity extremely unlikely (Ng et al., 2003; Sekizawa et al., 2003; . This review also highlights increasing total quantities of cff DNA and differences in mRNA expression as a function of gestational age (Lapaire et al., 2007a) . This suggests some similarities with plasma and serum biology. However, specific data on the kinetics, half-life and function of cff nucleic acids in AF are lacking. The issue of kinetics is relevant to AF mRNA, as transcription is a dynamic process that varies rapidly according to the physiological demands on the body, including diurnal rhythms. cff mRNA has a short half-life in maternal plasma of 15 min , but mRNAs also decay at different rates according to their functional characteristics and sequence attributes (Yang et al., 2003) . How the results from other biological models relate to the steady-state population of cff nucleic acids in AF is unknown. This has significance for the interpretation of AF gene expression studies, as to whether they represent a realtime or a delayed snapshot of global fetal transcriptional activity.
Similarly, the relative contributions of various fetal tissues to the cff NA in AF has not been the subject of any research to date. Data from the proteomic studies of AF discussed in the introduction suggest that numerous fetal organs contribute to the protein content of AF, including those systems not in direct physical continuity with amniotic cavity, such as the fetal heart, brain and skeletal muscle. It seems reasonable to assume from these data that the tissue sources of cell-free nucleic acids in AF are similarly multiple, although whether they are in similar proportions to protein expression is uncertain, particularly given that the large number of placental proteins identified in proteomic studies is inconsistent with the low levels of placental mRNA transcripts found in AF. Furthermore, in the proteomic study of Cho et al., all keratin-related entries were removed as contaminants, so that fetal skin was not among the top 10 tissues with the most number of proteins in AF as one might expect (Cho et al., 2007) .
Related to both these unanswered questions is the unknown nature of its particle association. The filtration study by Larrabee et al. (2005b) confirmed that filterable and non-filterable forms of cff mRNA exist in AF, supporting the existence of particle-associated forms like those in maternal plasma. However, no studies investigating the types of microparticles associated with NA in AF were identified by this review.
Amniotic fluid supernatant is a valuable biological sample
The final important conclusion from this review is that AF supernatant is a potentially valuable but under-utilized biological sample. Two studies have successfully performed gene expression analyses on cff mRNA in AF using a 'discovery-driven', rather than hypothesis-driven, approach (Larrabee et al., 2005a; Slonim et al., 2009) . These reports establish that it is possible to identify differentially regulated genes in normal and abnormal fetuses, and employ bioinformatics tools to uncover the pathways and networks involved in the pathogenesis of specific diseases.
In the study comparing fetuses affected by polyhydramnios with normal fetuses, Larrabee et al. (2005a) identified a water transporter gene transcript, aquaporin-1, that is statistically significantly increased by up to 18-fold in recipient twins affected by TTTS. Similarly, Slonim et al. (2009) provided new insights into the pathogenesis of Down syndrome by identifying a role for oxidative stress, ion transport and immune and stress responses in the abnormal development of the trisomy 21 fetus.
Implications for future research
Functional genomics in obstetrics and fetal medicine Gene expression studies on live human fetuses have been restricted by access to appropriate tissue such as fetal blood. Post-partum gene expression studies using stillborn, neonatal or placental samples are inherently limited in their ability to reflect prenatal events. Until recently, the main applications of RNA-based functional genomics in obstetrics have been in the study of normal parturition (Aguan et al., 2000; Havelock et al., 2005; Hassan et al., 2009; Montenegro et al., 2009 ) and spontaneous preterm birth (Romero et al., 2006; Enquobahrie et al., 2009) , using myometrial, cervical or amniotic membrane specimens. More recently, researchers have applied a global gene expression approach to pre-eclampsia examining various tissues such as maternal blood (Donker et al., 2005; Sun et al., 2009) , post-partum placentas (Zhou et al., 2006; Centlow et al., 2008; Enquobahrie et al., 2008; Toft et al., 2008; Sitras et al., 2009; Zhu et al., 2009) , umbilical vein epithelial cells (Hoegh et al., 2006b) , endometrial epithelial cells (Hoegh et al., 2006a) and firsttrimester chorionic villus samples (Founds et al., 2009) . Furthermore, mRNA-based microarray analysis has also recently been used to describe the 'transcriptome of fetal inflammation' derived from umbilical cord blood (Madsen-Bouterse et al., 2010) .
Despite this rapidly growing interest in utilizing functional genomics in obstetrics, very few global gene expression studies have been performed on live ongoing pregnancies for specific abnormalities of fetal development. First-trimester chorionic villus samples have been investigated with microarray analysis to study the mechanisms involved with enlarged nuchal translucencies in euploid fetuses and for the prediction of pre-eclampsia (Founds et al., 2009) , but these represent placental rather than fetal transcription profiles. An alternative approach in which global gene expression is compared between antenatal, post-natal and neonatal samples to identify significantly up-regulated fetal transcripts in maternal blood has been successfully employed to produce new insights into fetal development in normal term babies and to develop potential fetal biomarkers for congenital heart disease (Arcelli et al., 2010) . However, beyond the two studies identified in this review (Larrabee et al., 2005a; Slonim et al., 2009) , no other reports specifically used AF cff mRNA to advance knowledge regarding fetal development.
AF microparticles and cff mRNA
Another potential direction for future research would be to integrate developments in the biology of microparticles in plasma with those in cff nucleic acids in AF to determine whether cff mRNA has a functional role as a novel form of cell-to-cell genetic signalling within the amniotic cavity. Until recently, cff nucleic acids have been conceived of as by-products of cell turnover and it is unknown if they possess any biological activity in the amniotic cavity. Exosomes are small vesicles ,100 nm diameter of endosomal origin that are released by a wide variety of cells into the extracellular space (Simpson et al., 2009) . They contain proteins and RNA derived from the parent cell and are thus able to be characterized according to cell-specific markers. They are relevant to cell-free nucleic acid biology because they contain mRNA and miRNA sequences that are transferrable to other cells, thus leading to the translation of unique proteins in in vitro and in vivo models . This suggests that cellfree RNA can play an active role in cell-to-cell genetic exchange, as so-called exosomal shuttle RNA.
Exosomes are secreted by many different cell types and are present in adult and neonatal urine (Pisitkun et al., 2004; Keller et al., 2007) . Using the CD24 membrane protein as a marker of renal cell origin, Keller et al. (2007) showed that AF from second-trimester pregnancies contains exosomes that are secreted by the fetal kidney. Their function in the AF is not known, but it is interesting to speculate on whether they have role in fetal and AF homeostasis, particularly as they were shown to contain aquaporin-2. If functional mRNA could be demonstrated in kidney-derived AF exosomes, then this may provide a novel mechanism for the fetal kidneys to directly influence the intra-membranous route of fluid transport in amniotic membranes.
This proposed method of fetal-maternal communication via AF exosomes could extend to other systems than fluid balance. In the only other report on exosomes in AF, Asea et al. (2008) suggest a possible role for exosomes in immune regulation. They detected the presence of heat shock protein-containing exosomes in second-trimester AF specimens. Heat shock protein is known to play a role in microbial-induced and sterile forms of inflammation (Quintana and Cohen, 2005) . AF contains decidual natural killer cells. AF exosomes may therefore be a mechanism by which the fetus and the maternal immune system communicate within the uterine cavity.
Neither of these two AF exosome studies has specifically sought to confirm the presence of fetal mRNA in these microparticles. Although the body of literature on exosomes in other body fluids supports the hypothesis that AF exosomes should also contain functional mRNA, it would be an important research priority to confirm this. Delineating the functional significance of these exosomal forms of cff nucleic acids in AF would then open up an entirely new field of research, one in which various fetal organ systems could communicate on a genetic basis with each other, the fetal membranes, placenta and mother.
Conclusions
Cell-free nucleic acids in AF have been relatively neglected in favour of those in maternal plasma. The literature review makes a strong case for researchers in cff nucleic acids to turn their attention to AF because it is a pure fetal sample that provides fetal developmental genetic information not provided by maternal plasma studies. To date, the studies on AF have shown that discarded AF supernatant from clinical specimens is both a feasible and rewarding biological sample for generating hypotheses for further research. Functional genomic analysis allows us to advance applications of cff nucleic acids beyond the prenatal diagnosis of aneuploidy to broader studies on human fetal development. Ultimately, the information derived may lead to new insights into normal development, fetal disease processes, novel biomarkers for diagnosis and new approaches to antenatal treatment of human disease.
Supplementary data
